R eplacement of the aortic valve is the primary treatment for patients with symptomatic calcific aortic valve stenosis and is the second-most-common thoracic surgery procedure in the United States. 1 Risk factors for the development of aortic valve stenosis are similar to those of atherosclerosis and include older age, 2 male sex, hypertension, smoking, diabetes mellitus, 1,2 and hypercholesterolemia. 2 Stenotic aortic valves resemble atherosclerotic lesions pathologically and contain calcium, 3 high levels of matrix-remodeling enzymes, 4 -6 reduced endothelial nitric oxide synthase levels, 7 and increased oxidative stress. 8 -10 Both stenotic valves and atherosclerotic lesions contain a subpopulation of cells with osteoblast-like activity, [11] [12] [13] [14] suggesting that deposition of calcium in these lesions is an active process.
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Reducing plasma cholesterol levels in humans and experimental animals slows the progression and/or reduces the size of atherosclerotic lesions, 15, 16 reduces oxidative stress, 17 and improves nitric oxide bioavailability, 15, 18 all of which might be expected to improve aortic valve disease. However, increases in collagen content, plaque fibrosis, and calcium burden (which may remain unchanged or increase) during regression of atherosclerotic lesions 15, 19 could translate into increased aortic valve cusp stiffness and could be deleterious for aortic valve function. Thus, it has been difficult to predict whether aggressive lipid lowering would be beneficial for the aortic valve.
Initial reports from retrospective studies suggested that reducing plasma lipids with statins slowed the progression of aortic valve stenosis in humans. 20, 21 Three recently completed prospective clinical trials (Scottish Aortic Stenosis and Lipid Lowering [SALTIRE] trial, 22 Rosuvastatin Affecting Aortic Valve Endothelium [RAAVE] trial, 23 and Simvastatin and Ezetimibe in Aortic Stenosis [SEAS] trial 24 ], however, have yielded conflicting results on lipid-lowering therapy. Al-though the SALTIRE and SEAS trials strongly suggest that simvastatin (or combined simvastatin and ezetimibe treatment 24 ) does not slow the progression of aortic valve stenosis in patients with borderline-high cholesterol levels, patients with slightly higher blood lipid levels showed a modest benefit of rosuvastatin on the progression of aortic valve stenosis in the RAAVE trial. Although reconciling these conflicting results is difficult (slight differences in patient populations, differing pleiotropic effects of the statins, 25 etc), no study has determined whether initiation of lipid-lowering therapy in early stages of disease can halt or reverse the progression to hemodynamically significant aortic valve stenosis.
Progress in understanding mechanisms underlying the progression of aortic valve stenosis has been slowed by the lack of animal models. Hypercholesterolemic rabbits and single-allele knockout mice develop histological evidence of aortic valve sclerosis 12, 26 but rarely develop hemodynamically significant aortic valve stenosis. 27 Recently, we reported that "apolipoprotein B100-only" low-density lipoprotein receptor-deficient mice (Apob 100/100 /LdlrϪ/Ϫ) have severe hypercholesterolemia and that approximately one third develop severe aortic valve stenosis. 10 In the present study, we used LdlrϪ/Ϫ/Apob 100/100 mice that were also homozygous for a conditional knockout allele in microsomal triglyceride transfer protein (Mttp) and the interferon-inducible Mx1-Cre transgene (Reversa mice). 28 The Mttp gene plays a critical role in the production of apoB-containing lipoproteins, and loss of Mttp activity dramatically reduces secretion of apoB-containing lipoproteins into the plasma. 29 Thus, Cre-mediated inactivation of Mttp in these mice allowed us to "switch off" the severe hypercholesterolemia and test the effects on aortic valve stenosis, avoiding off-target effects of statin drug therapy. We hypothesized that lowering lipid levels with this genetic switch in the early stages of aortic valve disease would retard the progression to aortic valve stenosis.
Methods

Animals
At 6 to 8 weeks of age, littermates were assigned to control, progression, or regression groups. Control mice were given 4 injections of polyinosinic-polycytidylic acid (225 g IP) at 2-day intervals and maintained on a chow diet for 6 or 12 months. Progression mice were placed on a Western diet (Harlan Teklad No. TD88137; 42% of calories from fat, 0.25% cholesterol) for 6 or 12 months. Regression mice were placed on a Western diet for 6 months and then were given 4 injections of polyinosinic-polycytidylic acid (225 g IP), switched to a chow diet, and followed up for an additional 6 months. 
Measurement of Blood
Statistical Analyses
All data are reported as meanϮSE. Significant differences between groups were detected with ANOVA, and Bonferroni-corrected t tests were used for posthoc testing.
The authors had full access to and take full responsibility for the integrity of the data. All authors have read and agree to the manuscript as written.
Results
Plasma Lipid Levels
Total plasma cholesterol levels in 6-and 12-month-old polyinosinic-polycytidylic acid-treated mice on a chow diet (control groups) are reported in the Table. Total plasma cholesterol levels in 6-and 12-month-old Reversa mice on a Western diet (hypercholesterolemic/progression groups) were significantly elevated compared with control mice (see the  Table) . Switching off Mttp expression after 6 months of hypercholesterolemia (regression group) reduced total plasma cholesterol levels by Ϸ75% (see the Table) .
Whole-Blood Glucose and Plasma Insulin Levels
Whole-blood glucose levels were not significantly changed by any treatment in 6-or 12-month-old Reversa mice. Compared with control mice, however, plasma insulin levels were significantly increased in 6-and 12-month-old hypercholesterolemic mice (the Table) . Reducing cholesterol levels after 6 months of hypercholesterolemia did not reduce plasma insulin levels compared with 6-or 12-month-old hypercholesterolemic mice (the Table) .
Valvular Oxidative Stress
In the hypercholesterolemic/progression groups, superoxide levels in the aortic valve were increased markedly after 6 months of hypercholesterolemia (compared with control mice) and remained elevated at 12 months (Figure 1 ). Reducing cholesterol levels after 6 months of hypercholesterolemia significantly reduced valvular superoxide levels at 12 months (Figure 1 ). All measurements were obtained in nonfasting animals (nϭ8 to 12 per group). *PϽ0.05 versus the age-matched control group; †PϽ0.05 versus the age-matched hypercholesterolemic groups.
Histological Changes in the Aortic Valve
In control mice given polyinosinic-polycytidylic acid at 6 to 8 weeks of age, lipid deposition in the aortic valve was negligible at both 6 and 12 months. In contrast, lipid deposition was significantly increased in mice in the hypercholesterolemic/progression group at 6 months and remained high at 12 months ( Figure 2 ). In the regression group, normalizing blood lipids after 6 months of hypercholesterolemia significantly reduced valvular lipid content at 12 months (PϽ0.05 versus the 12-month hypercholesterolemic group).
In control mice, we rarely detected macrophages in the aortic valve at 6 and 12 months ( Figure 3 ). Macrophage infiltration was significantly increased in the hypercholesterolemic/progression animals at both 6 and 12 months ( Figure  3 ). Normalizing cholesterol levels after 6 months of hypercholesterolemia significantly reduced macrophage staining at the 12-month time point (Figure 3) .
In control mice, both valvular mineralization (von Kossa; Figure I of the online-only Data Supplement) and calcification (alizarin red; Figure 4 ) were negligible at the 6-and 12-month time points. In the hypercholesterolemic/progression mice, valvular mineralization and calcification were significantly elevated after 6 months of hypercholesterolemia and increased further after 12 months of hypercholesterolemia ( Figure 
Profibrotic Signaling, Myofibroblast Activation, and Fibrosis in the Aortic Valve
Levels of phospho-Smad2 were very low in valves from control mice ( Figure 5 ). After 6 and 12 months of hypercholesterolemia, phospho-Smad2 was markedly increased (Figure 5) . The increased phospho-Smad2 immunofluorescence was attenuated by reducing cholesterol levels after 6 months of hypercholesterolemia ( Figure 5 ).
Expression of ␣-smooth muscle actin was rarely detected in aortic valves from control mice at 6 or 12 months ( Figure  5 ). After both 6 and 12 months of hypercholesterolemia, significant expression of ␣-actin was found in the aortic valve ( Figure 5 ). Normalizing cholesterol levels after 6 months of hypercholesterolemia virtually eliminated ␣-smooth muscle In control mice, collagen staining was restricted to a narrow band in the fibrosa of the valve. After 6 and 12 months of hypercholesterolemia, collagen deposition extended beyond the fibrosa layer and was found in association with lipid-laden plaques ( Figure 5 ). The increased collagen staining was not detectably altered by reducing cholesterol levels after 6 months of hypercholesterolemia.
Procalcific Signaling in the Valve
Phospho-Smad1/5/8 levels were relatively low in control mice at 6 and 12 months and were dramatically increased in hypercholesterolemic mice at 6 and 12 months (Figure 6 ). Phospho-Smad1/5/8 immunofluorescence was markedly reduced by normalizing cholesterol levels after 6 months of hypercholesterolemia ( Figure 6 ).
Immunofluorescence of Msx2, CBFA1, and Osterix was relatively low in control animals at 6 and 12 months ( Figure  6 ). Immunofluorescence of all 3 pro-osteogenic genes was modest in hypercholesterolemic animals at 6 months but was markedly increased in hypercholesterolemic mice at 12 months ( Figure 6 ). Increases in Msx2, CBFA1, and Osterix immunofluorescence were nearly abolished by normalizing cholesterol levels at 6 months ( Figure 6 ).
Aortic Valve Function
In control mice, aortic valve cusp separation distance averaged 0.84Ϯ0.04 mm at 6 months and 0.83Ϯ0.03 mm at 12 months ( Figure 7 ). Aortic valve cusp separation distance did not differ significantly between control and hypercholesterolemic mice at 6 months. Cusp separation distance decreased significantly from 6 to 12 months in the hypercholesterolemic group (Figure 7) , and the prevalence of hemodynamically significant aortic valve stenosis increased from 14% to 50% (see Figure II of the online-only Data Supplement). Reducing cholesterol levels with the genetic switch at 6 months of age completely prevented the reductions in aortic valve cusp separation (see Figure 7) .
Qualitatively similar changes in aortic valve function were observed by magnetic resonance imaging in a small subset of mice, and significant reductions in aortic valve orifice area were observed in some of the hypercholesterolemic mice ( Figure 7 ). Reductions in aortic valve orifice area were markedly attenuated by normalizing cholesterol levels at 6 months ( Figure 7 ).
Discussion
The major novel findings of this study are that (1) in hypercholesterolemic mice, superoxide is increased and myofibroblasts are activated in early stages of valve disease, preceding stenosis of the aortic valve; (2) after 6 months of hypercholesterolemia, normalization of cholesterol levels with a genetic switch decreases oxidative stress, myofibroblast activation, and pro-osteogenic signaling in the aortic valve; and (3) normalization of cholesterol levels in mice with early aortic valve disease halts the progression of valve calcification and prevents adverse changes in cusp mobility.
Oxidative Stress During Progression and Regression of Aortic Valve Disease
Marked increases in superoxide levels were found in hypercholesterolemic mice with early aortic valve disease (ie, after 6 months of hypercholesterolemia). Previous work from our laboratory and other groups has revealed that oxidative stress is increased in both humans 8, 9 and mice 10 with aortic valve stenosis. The present data suggest that increases in oxidative stress occur well before the development of aortic valve stenosis and are not merely epiphenomena related to hemo- Figure 5 . Phospho-Smad2 immunofluorescence, ␣-smooth muscle actin immunofluorescence, and collagen (blue) staining in the aortic valve before and after normalization of lipid levels. P-Smad2 levels were markedly increased in the 6-and 12-month hypercholesterolemic (Hchol) mice. Normalizing blood lipids significantly reduced the amount of P-Smad2 immunofluorescence in reversed mice. ␣-Smooth muscle actin immunofluorescence was increased in 6-and 12-month hypercholesterolemic mice and virtually nondetectable in reversed mice. Collagen deposition also progressively increased in hypercholesterolemic mice from 6 to 12 months but was not reduced in reversed mice. Arrows denote areas of aortic valve tissue when immunofluorescence is very faint. Figure 6 . Procalcific proteins in the aortic valve before and after normalization of lipid levels. P-Smad1/5/8 was markedly increased in 6-and 12-month hypercholesterolemic (Hchol) animals and was substantially reduced in the reversed group. Immunofluorescence of the pro-osteogenic genes Msx2, CBFA1, and Osterix was increased in both the 6-and 12-month hypercholesterolemic animals and markedly reduced by normalizing blood lipid levels. Arrows denote aortic valve tissue when fluorescence is very faint or point to valvular tissue when nonvalvular tissue is present in the micrograph. dynamically significant valve stenosis. These data are reminiscent of observations in mouse models of atherosclerosis in which increases in oxidative stress may play a significant role in the initiation of atherosclerotic plaques. 30 Furthermore, recent reports indicate that oxidative stress may play a key role in bone morphogenetic protein signaling pathways 31, 32 and procalcific gene expression, 33, 34 and several groups have demonstrated that increases in oxidative stress can accelerate the rate of inorganic phosphate-mediated calcification in cultured cells. 8, 35, 36 After 12 months of hypercholesterolemia, we found that superoxide levels did not increase significantly above those observed at 6 months, despite progressive reductions in aortic valve opening. This dissociation between hemodynamic disturbances and superoxide levels supports the hypothesis that oxidative stress is not merely an epiphenomenon of severe aortic valve stenosis but instead may play an important role in amplifying procalcific gene expression in early stages of the disease.
Reduction of Cholesterol Levels Reverses Pro-Osteogenic Changes in the Aortic Valve
After 6 months of hyperlipidemia, we observed substantial valvular lipid deposition and macrophage infiltration, similar to changes reported in atherosclerotic plaques. 37 Dietary and pharmacological interventions in hypercholesterolemic animals significantly reduce lipid content and macrophage burden in atherosclerotic lesions in arteries. 38 The only studies that have examined the effects of lipid lowering in aortic valve disease in experimental animals have examined the effects of statins on the earliest stages of initiation and progression of the disease. 7, 12 Our study, however, shows a clear dissociation between valvular lipid levels and leaflet restriction in more advanced stages of the disease, which suggests that valvular lipid content per se is not a key determinant of reductions in aortic valve function. To the best of our knowledge, this is the first study to show that reducing cholesterol levels after the development of early pathological changes in the aortic valve results in reduced valvular lipid content and inflammatory cell infiltrate.
We also observed marked increases in myofibroblast activation in early aortic valve disease, as judged by increased numbers of ␣-smooth muscle actin-positive cells in the valve. Activated valvular myofibroblasts not only may increase valvular collagen content but also could have the potential to differentiate to an osteoblast-like phenotype. 39 Studies of calcifying vascular smooth muscle in vitro demonstrated that loss of ␣-smooth muscle actin expression is an important event during differentiation to osteoblast-like cells. 35, 40, 41 Data from humans with aortic valve stenosis, however, suggest that some osteoblast-like cells may retain their contractile properties even in advanced stages of the disease. 42 The data reported here also suggest that a concomitant upregulation exists of ␣-smooth muscle actin and osteogenic genes in mouse valves. Additional work is needed to clarify the differences in gene expression during differentiation of these cell types (ie, valvular myofibroblasts versus vascular smooth muscle cells).
We observed significant increases in valvular cusp mineralization (von Kossa) and calcium deposition (alizarin red) in hypercholesterolemic mice at both 6 and 12 months. These changes were associated with increases in phospho-Smad1/ 5/8, which are typically associated with bone morphogenetic protein signaling. In 12-month hypercholesterolemic animals, we also observed substantial increases in immunofluorescence of Msx2, CBFA1, and Osterix, which are associated with differentiation of cells to an osteoblast-like phenotype. 43 After normalization of cholesterol levels, we observed marked reductions in phospho-Smad1/5/8, Msx2, and Osterix immunofluorescence, along with corresponding reductions in valvular calcium. These reductions in valvular calcium are somewhat surprising because calcium burden typically is not reduced in regression studies that examined calcified atherosclerotic plaques. 15, 44 Several groups, however, have identi- fied osteoclast-like cells in the aortic valve (which are less common in atherosclerotic plaques) that may promote a microenvironment that is conducive to resorption of bonelike matrixes during regression of valve disease.
Finally, we observed marked increases in valvular fibrosis in hypercholesterolemic mice at 6 and 12 months. Valvular fibrosis was associated with increases in immunofluorescence for phospho-Smad2, which is generally coupled to transforming growth factor-␤ signaling. 45 Interestingly, transforming growth factor-␤ is markedly increased in patients with severe aortic valve stenosis 46 and has been implicated as a contributor to calcification of valvular interstitial cells in vitro. 46, 47 Increased transforming growth factor-␤ signaling also has been reported in atherosclerotic plaques, where it may promote collagen synthesis and formation of a fibrous cap. 37 After the normalization of cholesterol levels, we observed reductions in both phospho-Smad2 levels and myofibroblast activation. Reducing blood lipids, however, did not result in reductions in valve fibrosis. Similar observations have been made during the early stages of regression in atherosclerotic monkeys, in which reductions in lipid content were associated with increased collagen content. 15 These increases in plaque collagen content can persist even after long-term regression and could serve an important role in stabilizing plaques. Our data suggest, however, that increases in valvular fibrosis-at least to the extent observed in the present study-are not likely to be a primary determinant of the severity of aortic valve stenosis induced by hypercholesterolemia. Additionally, our data suggest that lipid-lowering therapy is not likely to slow the progression of valve disease when valvular fibrosis and/or leaflet fusion is the primary causes of cusp restriction.
Reducing Cholesterol Levels Halts the Progression of Aortic Valve Stenosis
The major finding of this study was that normalizing cholesterol levels with a genetic switch halts the progression of aortic valve stenosis in hypercholesterolemic mice. Clinical trials examining the effect of statin therapy on progression of aortic valve stenosis have yielded conflicting results, [22] [23] [24] and retrospective studies suggest a poor correlation between LDL levels and hemodynamic progression of aortic valve stenosis. 48 Further complicating matters is the fact that animal models rarely manifest progression to hemodynamically significant aortic valve stenosis (transvalvular gradient Ͼ20 mm Hg). 7, 12, 26, 27 Thus, to the best of our knowledge, this is the first study to demonstrate that lowering blood lipids in the presence of early changes in the aortic valve prevents reductions in cusp mobility and valve orifice area.
Our findings contrast with some recent reports from human trials that demonstrated no beneficial effect of lipid-lowering therapy on progression of aortic valve stenosis. These studies initiated lipid-lowering therapy after moderate to severe aortic valve stenosis was present. In the present investigation, we reduced blood lipids by Ͼ60% at a time that preceded any detectable impairment in valve function. Collectively, these data suggest that intervening in the early stages of the disease holds the most promise for finding that lipid lowering slows the progression of aortic valve disease in humans.
Determining the mechanisms underlying the beneficial effects of HMG-CoA reductase inhibitors (statins) is difficult as a result of off-target or pleiotropic effects of these drugs. 25 We chose not to administer statins for 2 reasons. First, depending on the dosage and compound used, statins may not reduce cholesterol levels in Ldlr-deficient mice. 49 Second, our goal was to examine effects of lowering cholesterol per se independently of pleiotropic effects of drugs. By inactivating Mttp, we avoided any confounding pharmacological effects of statins and were able to show that lipid lowering is responsible for attenuating pro-osteogenic signaling and retarding the progression of aortic valve disease.
Study Limitations
An important limitation in our study design is that lipid lowering was initiated at 6 months, which represents an early stage of valve disease. However, pro-oxidative, proinflammatory, and procalcific signaling pathways were already activated at that time. Whether normalization of lipid levels would stop the progression or induce the regression of more advanced disease is not clear. Effectiveness of lipid lowering on progression of advanced aortic valve stenosis would likely depend on the ability of this intervention to change macrophage emigration, lipid resorption, osteoblast-like cell activity, and osteoclast-like cell recruitment and activity within the valve.
Because of limited tissue availability in mouse aortic valves, we were not able to assess DNA binding activity of the pro-osteogenic factors reported in this study. Our immunohistochemical measurements of pro-osteogenic protein levels, however, may actually underestimate the amount of pro-osteogenic activity because data from cell culture experiments have demonstrated that increased nuclear binding of CBFA1 can occur in the absence of changes in protein levels.
Conclusions
Reduction of blood lipids in a hypercholesterolemic mouse model of aortic valve stenosis reduces oxidative stress, lipids, and calcium burden in the valve and attenuates proosteogenic signaling pathways. We speculate that reducing blood lipids in hypercholesterolemic humans with early aortic valve disease could elicit similar changes and slow the rate of disease progression.
